INTRODUCTION
Wireless sensor networks (WSN) are usually composed of many wireless nodes that are distributed in a certain fashion to cover the area to be monitored. Those nodes typically operate with small batteries for which replacement, if possible, is very expensive and difficult. Thus, the wireless nodes must operate without battery replacement for as long as possible. Consequently minimizing the energy consumption is vital when designing those systems.
Multiple-input multiple-output (MIMO) have been proposed for wireless sensor networks as it has been proven that MIMO-based systems can give the same throughput requirements with less transmission energy needed compared with single-input single-output (SISO) systems [1] . It was expected that due to the complex electronic circuitry needed for MIMO systems the total energy needed by those systems may exceed energy requirements of SISO systems. Therefore, several techniques were proposed in order to enhance performance of the wireless sensor MIMO-based systems [1] [2] [3] [4] . The analysis made in those papers assumed a system with no cochannel interference.
Due to the wide spread of the use of WSN in particular and the personnel wireless systems in general and due to the limited frequency bands available then the effect of cochannel interference must be considered. In this paper the effect of cochannel interference on the performance of WSN is analyzed and simulated. Distribution of the systems in this paper is assumed to be for the hexagonal 7-cell reuse system. The systems are assumed to work with a full load, i.e. the worst case cochannel interference is assumed. Two types of propagation conditions are considered in simulations. (a) a "soft" propagation condition, in which the path loss exponent is 2 and (b) a "severe" propagation condition, in which the path loss exponent is 3.5. The channel was modeled assuming clustered multipath incidence [5] 
The superscript (H) in all equations indicates the Hermitian operation.
In this paper we assumed many WSN are working nearby to the system under consideration. Distribution of the systems and frequency allocation were chosen according to the 7-cell reuse system, although any other configuration could also be assumed. Therefore, under full load conditions the desired user will suffer from six cochannel interferers [7] , i.e; K=6 (6) The following scenarios were considered in this paper. The first one is MIMO without CSI and the power is assumed to be equally divided between elements of the array. If we assume that all sensors transmit the same power then; Rd=Rl=R2= =RNI =- (7) where Eb is the total energy per bit transmitted from each sensor. In order to calculate the access path loss Pi and hence P1 the two-slope path loss model is considered [5] ;
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where Lp is the path loss , i.e. the ratio of transmitted power to received power, d is the transmitter-receiver separation, A is the wavelength, n is the path-loss exponent after the break-point distance and dbr is the break-point distance which depends on wavelength and heights of transmitter and receiver antennas. In this paper we assumed dbr =1GOm. The position of the desired user is assumed to be random within its cell. Its position relative to the center of the cell is rd where 0 < rd < R assuming that the cell has a radius equal to R. The distance between the center of the desired cell and the center of any of the interfering cells is D and its value can be calculated from [7] ;
We assume that the ith cochannel sensor is at a distance ri from the center of its cell. The desired sensor and the ith interferer are assumed to be at angles 0d and Oi respectively with respect to D (see Fig.1 ). The distance di between that interferer and the desired sensor can be calculated geometrically from Fig. 1 [4] it has been shown that it is better to use CSI in WSN to direct transmission and reception using the best channel and to use other channels just to monitor variation in channel condition. Hence, SINR in this case is equal to the maximum value of the eigen values of (11) after assuming that the total power will be transmitted and received using a single channel ( the best channel); SINRMMO+CSI =-maxeig(EbHdHd HBI ) ( 
13)
The cochannel interferers may also use the principle of best channel transmission. In that case each cochannel sensor will choose the best channel with respect to its client. This means that the average cochannel effect will be decreased compared to the equal power distribution among all channels. If we still assume the cochannel effects to be equivalent to the previous case then; SINRMIMO+Csl = M *maxeig(HH H A-) (14) where; A = HPJHIH +MNO/Eb (15) Comparing (14, 15) with (12) it is clear that SINR in case of MIMO+CSI is greater than its value with MIMO. The two scenarios mentioned above will be compared to the SISO
ENERGY CALCULATION
In order to compare the performances of different systems, the total energy requirements of those systems should be considered. Besides the transmission energy, the power consumption of the electronic circuits in the transmitting and receiving nodes must be included. The electronic circuits used in the transmitter and receiver are assumed to be as in Fig.2 for the SISO system. For the MIMO system there will be N parallel branches of the receiver circuits and M branches of the transmitter circuits that are shown in Fig.2 . The power requirements for different parts of the electronic circuitry of SISO or MIMO system are assumed to be as in [1] .
The following equations are used to estimate the energy requirements [1, 3] . It is important to remember that in the case of MIMO+CSI there must be M branches of transmitter circuitry and N branches of the receiving circuitry. While the signal is transmitted and/or received by one branch, the additional (M-1) and (N-1) branches are needed to estimate the channel matrix and hence update the information about the best channel pipe. The additional (M-1) and (N-1) branches are only activated at time intervals which must be comparable to the channel coherence time (1T), say for ,6T, where 0< ,8 < 1. This is because when the time interval is less than T, the channel will be stable and time-invariant but after that, the channel may change. Therefore, when using MIMO+CSI, (16b) becomes; Pc =P + 2Ps + Pr + [(M-1)P + (N-I)Pr ] /(IfcRb) (17) In the simulations that follow, it is assumed that,,8 = 0.5 and Tc = 2ms.
RESULTS AND DISCUSSIONS
In these simulations it was assumed that the radius of the area to be covered by any WSN, i.e. radius of the cell R, is lOOm. The path-loss exponent n for the interfering signals is considered to be 3.5 while two cases were considered for the path-loss exponent of the desired signal. The first case is n = 2 where almost free space propagation is assumed and the second case, n = 3.5 when difficult propagation conditions exist due to un-avoidable obstacles. In the simulations the frequency of operation is assumed to be 2.5GHz and the bit rate is lOkbps while the probability of error is 0.001.
Variation of the total energy required per bit (Eb) for MIMO, MIMO+CSI and SISO wireless sensor networks with distance is shown in Fig.3 . It is obvious from Fig.3a that when the desired signal propagates in a near free-space propagation while the cochannel interferer suffers from severe propagation conditions, cochannel interference has almost no effect on performance of MIMO systems (less than 1% increase in energy at the edge of the cell) while it has a great impact on SISO system (about 80% increase in energy at edge of the cell) although SISO still needs the lowest energy within a short distance, i.e. up to a distance of about 15m in these simulations. When the propagation conditions become severe for the desired signal, then the effect of the cochannel is great on SISO. This requires too much energy to maintain the desired probability of error. For example at the edge of the cell, the required percentage increase in energy to maintain the planned probability of error is 6000 (see Fig.3b ).
For MIMO systems the effect is relatively small. For example at the edge of the cell, the required energy increases by 25% for MIMO and 18% for MIMO+CSI compared with the noise limited case. Finally it is important to note that although SISO a-a oe-e-e-e-n-i e-e $
